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(54) Article comprising aligned nanowires and process for fabricating article 



(57) An improved process for fabricating emitter 
structures from nanowires, wherein the nanowires are 
coated with a magnetic material to allow useful align- 
ment of the wires in the emitter anray, and techniques 
are utilized to provide desirable protrusion of the aligned 
nanowires in the final structure. In one embodiment, 
nanowires at least partially coated by a magnetic mate- 
rial are provided, the nanowires having an average 
length of about 0.1 jim to about 10,000 ^m. The 
nanowires are mixed in a liquid medium, and a magnetic 

FIG. It 



field is applied to align the nanowires. The liquid 
medium is provided with a precursor material capable of 
consolidation into a solid matrix, e.g., conductive parti- 
cles or a metal salt, the matrix securing the nanowires in 
an aligned orientation. A portion of the aligned 
nanowires are exposed, e.g., by etching a surface por- 
tion of the matrix material, to provide desirable nanowire 
tip protrusion. 
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Description 

BACKGROUND OF THF INVENTIOISi 
Field of me invention 

[0001] Tliis invention pertains to devices compris- 
ing nanowires. in particular, field emitter structures. 

Discussion of the Relatfnl Art 

[0002] Electron field emitters are useful for a variety 
of applications including microwave-amplifiers and flat- 
panel, field-emission displays. 

[0003] Microwave vacuum tube devices, such as 
power amplifiers, are essential components of many 
modern microwave systems including telecommunica- 
tions, radar, electronic warfare, and navigation systems. 
While semiconductor microwave amplifiers are availa- 
ble, they generally lack the power capabilities required 
by most microwave systems. Microwave tube amplifiers, 
in contrast, provide microwave energy at much higher 
power levels. The higher power levels of tube devices 
are the result of the fact that electrons travel at a much 
higher velocity in a vacuum than in a semiconductor. 
The higher speed permits use of larger structures with 
the same transit time. Larger structures, in tum, permit 
greater power levels. 

[0004] Microwave tube devices typically operate by 
introducing a beam of electrons into a region where the 
beam interacts with an input signal and then deriving 
an output signal from the modulated electron beam. 
See, e.g., A.W. Scott, Understandi no Microw;^vft<;, Ch. 
12, John Wiley & Sons (1993), the disclosure of which is 
hereby incorporated by reference. Microwave tube 
devices include traveling wave tubes, gridded tubes, 
klystrons, cross-field amplifiers and gyrolrons. The 
usual source of electrons for microwave tube devices is 
a thermionic emission cathode, typically fonned from 
tungsten cathodes, optionally coated with barium oxide 
or mixed with thorium oxide. The cathode is heated to a 
temperature around lOOO^'C to produce thermionic 
electron emissron on the order of amperes per square 
centimeter, 

[0005] The requisite heating of thermionic cathodes 
causes a number of problems. Cathode lifetime Is lim- 
ited because key constituents of the cathode, such as 
barium oxide, evaporate under the high operating tem- 
peratures, and when the barium is depleted, the cath- 
ode (and hence the tube) no longer perform. Many 
traveling wave tubes (TWTs), for example, have operat- 
ing lives of less than a year. Also, the need to raise the 
cathode to the operating temperature causes emission 
delays of up to several minutes, which is not acceptable 
for most commercial applications. In addition, the high 
temperature operation generally requires a peripheral 
cooling system, such as a fan, thereby increasing the 
size of the overall device or system. It would therefore 



be desirable to develop microwave tube devices that do 
not require such high temperature operation, e.g.. cold 
cathode devices. 

[0006] Another promising application of field emit- 
5 ters is thin, matrix-addressable, flat panel displays. See, 
for example, Semiconduc tor International , December 
1991, p.46; C. A. Spindt et aL, IEEE Transactinn<; nn 
Electron Devices, Vol. 38. 2355 (1 991 ); I. Brodie and C 
A. Spindt, Advances in Electronina and Electron Phys- 
10 i£s, edited by R W. Hawkes, Vol. 83, pp. 1 (1 992); and J. 
A. Costellano, Handbook of Display Technology, Aca- 
demic Press. 254 (1992); and U.S. Patents Nos. 
4,940,916; 5,129,850; 5,138,237 and 5,283.500, the 
disclosures of which are hereby incorporated by refer- 
15 ence. 

[0007] A variety of characteristics are known to be 
advantageous for cathode materials of field emissron 
devices. The emission current is advantageously volt- 
age controllable, with driver voltages in a range obtain- 
20 able from "off the shelf integrated circuits. For typical 
device dimensions (e.g. 1 jim gate-to-cathode spacing), 
a cathode that emits at fields of 25 V/jim or less is gen- 
erally desirable for typical CMOS circuitry. The emitting 
cunrent density is advantageously in the range of MO 
25 mA/cm2 for flat panel display applications and 
>100mA/cm2 for microwave power amplifier applica- 
tions. The emission characteristics are advantageously 
reproducible from one source to another and advanta- 
geously stable over a very long period of time (tens of 
30 thousands of hours). The emission fluctuations (noise) 
are advantageously small enough to avoid limiting 
device performance. The cathode is advantageously 
resistant to unwanted occurrences in the vacuum envi- 
ronment, such as ion bombardment, chemical reaction 
35 with residual gases, temperature extremes, and arcing. 
Finally, the cathode manufacturing is advantageously 
inexpensive, e.g. no highly critical processes and adapt- 
able to a wide variety of applications. 
[0008] Conventional field emission cathode materi- 
40 als are typically made of metal (such as Mo) or semi- 
conductor material (such as Si) with tips of submicron 
size. While useful emission characteristics have been 
demonstrated for these materials, the control voltage 
required for emission is relatively high (around 1 00 V) 
45 because of their high work functions and insufficiently 
sharp tips. This high voltage operation increases the 
damaging instabilities due to ion bombardment and sur- 
face diffusion on the emitter tips and necessitates high 
power densities to be supplied from an external source 
50 to produce the required emission current density. The 
fabrication of uniform tips is difficult, tedious and expen- 
sive, especially over a large area. In addition, the vul- 
nerability of these materials to conditions of a typical 
operating environment, e.g., ion bombardment, reaction 
55 with chemically active species, and temperature 
extremes, is of concern. 

[0009] Carbon materials (diamond and carbon nan- 
otubes) have recently emerged as potentially useful 
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electron field emitters. Diamond offers advantages due 
to the negative or low electron affinity on its hydrogen- 
terminated surfaces, but the technological advances 
have been somewhat slow because of emission non- 
uniformity and the tendency for graphitization in dia- 5 
mond emitters at increased emission currents , e.g., 
above about SOmA/cm^. 

[0010] Carbon nanotubes feature a high aspect 
ratio (> 1,000) and a small tip radii of curvature (-5-50 
nm). These geometric characteristics, coupled with the 10 
high mechanical strength and chemical stability of the 
tubules, make carbon nanotubes attractive as electron 
field emitters. See, e.g., German patent No. 4.405,768; 
Rinzler et al.. Science. Vol. 269, 1550 (1995); De Heer 
et al., Science. Vol. 270, 1 179 (1995); Saito et al., Jm. i5 
J. Appl. Phys. . Vol. 37, L346 (1998); Wang et al., Appl. 
Phys. Lett.. Vol. 70, 3308 (1997); Saito et al., Jpn. J. 
Appir Phy$T, Vol. 36. LI 340 (1997); and Wang et af., 
AddI. Phys. Lett.. Vol. 72. 2912 (1998), the disclosures 
of which are hereby incorporated by reference. How- 20 
ever, carbon nanotubes are typically available in the 
form of needle-like or spaghetti-like powders which are 
not easily or conveniently incorporated into a field emit- 
ter device structure. And due to this random configura- 
tion, the electron emission capabilities are not fully 25 
utilized. In addition, adherence of thin film nanotubes to 
a conductive substrate Is problematic because the nan- 
otube material is usually free of dangling bonds and 
high energy sites, making chemical bonding to the sub- 
strate difficult Other types of nano-scale wires with 30 
small diameters also exist. Semiconductor or metallic 
nanowlres of silicon or germanium, for example, are 
capable of being fabricated by a number of different 
methods Including laser processing, vapor-liquid 
approach or CVD deposition. See, e.g., A. M. Morales 35 
and C. M- Lieber, Science. Vol. 279, 208 (1998); A. J. 
Read et al.. Phvs. Rev. Lett. . Vol. 69. 1232 (1992); J. 
Westwater et a!., J. Vac. Sci. TechnoL . Vol B15; 554 
(1997); and T, J. Trentler et al.. Science . Vol. 270, 1791 
(1995). However, whether such nanowires are capable 40 
of successful incorporation in field emission structures 
is not clear. (As used herein, nanowires indicates wires 
having average diameters ranging firom about 0.5 nm to 
about 50 nm and aspect ratios of about 100 to about 
10,000.) 45 
[0011] Fabrication techniques for obtaining useful 
nanowire emission structures are therefore desired. 

SUMMARY OF THE INVENTION 

50 

[0012] The invention provides an improved process 
for fabricating emitter structures from nanowires. Spe- 
cifically, the nanowires are coated with a magnetic 
material to allow useful alignment of the wires in the 
emitter array, and techniques are utilized to provide 55 
desirable protrusion of the aligned nanowires in the final 
structure, (Aligned indicates that the average deviation 
from perfect alignment normal to the supporting sur- 



face, at the point on the surfece from which the nano- 
tube protrudes, is less than 45°, as determined, for 
example, using high-resotution scanning electron micro- 
scopy) In one embodiment, nanowires at least partially 
coated by a magnetic material are provided, the 
nanowires having an average length of about 0,1 \m\ to 
about 10,000 ^m. The nanowires are mixed In a liquid 
medium, and a magnetic field is applied to align the 
nanowires. The liquid medium Is provided with a precur- 
sor material capable of consolidation into a solid matrix, 
e.g., conductive particles or a metal salt, the matrix 
securing the nanowires in an aligned orientation. A por- 
tion of the aligned nanowires are exposed, e.g., by etch- 
ing a surface portion of the matrix material, to provide 
an average protrusion of at least twice the average 
diameter of the nanowires. Advantageously, a substrate 
is provided during the alignment step such that one end 
of each nanowire is pulled to and against ttie substrate 
by the magnetic field, thereby orienting the tips of the 
nanowires substantially along a single plane (see. e.g., 
Figs IE and IF). 

[001 3] The resultant structure offers several advan- 
tageous properties. The protrusion offers improved field 
emission; the intennixing of nanowires with a matrix 
material to form a composite provides a relatively high 
density of nanowire tips compared to other formation 
techniques; nanowires of relatively uniform height, 
which Increases the number of nanowires participafing 
in emission; and the composite material offers relatively 
stable electrical and mechanical contact between the 
emitters and the underlying metal cathode. Moreover, 
ail these advantages are attained by a straightfonward 
process readily adaptable to a variety of commercial 
applications. 

BRIEF DESCRIPTION OF THE DRAWiNfifi 
[0014] 

Figs. 1 A-1 F illustrate an embodiment for fabricating 
a field emitter structure according to the invention; 
Figs. 2A and 28 illustrate another embodiment for 
fabricating a field emitter structure according to the 
invention; 

Fig. 3 illustrates a technique for creating protruding, 
uniform-height, nanowire tips in a field emitter 
structure according to the invention; 
Rgs. 4A-4C illustrate the fabrication of an an-ay of 
field emitters according to the invention; 
Rgs. 5A and 58 illustrate an embodiment for pre- 
paring a multiplicity of emitters according to the 
invention. 

Fig. 6 illustrates formation of an apertured nanowire 
cattiode structure according to the invention; 
Fig. 7 illustrates a typical traveling wave tube (TWT) 
structure. 

Fig. 8 illustrates the electron gun structure of the 
TWT of Fig. 7; 
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Fig. 9 illustrates a multiple grid structure for extract- 
ing, accelerating and focusing an electron beam 
from a nanowire cathode surface according to the 
Invention; 

Fig. 1 0 illustrates the preparation of a multilayer grid 5 
structure according to the invention; 
Fig. 1 1 illustrates another technique foi- preparation 
of a multilayer grid structure according to the inven- 
tion. 

Fig. 1 2 illustrates a flat panel field emission display io 
comprising a nanowire emitter structure according 
to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

15 

Nanowire Structure and Fabrication Method 

[0015] In design and fabrication of efficient, power- 
ful, and reliable field emitters, high values for three 
parameters are generally sought emitter density, field- 20 
concentrating structure, and the stability of emitter-to- 
electrode contact. The role of these parameters are as 
follows. 

[0016] High emission cun^ent density is desirable, 
and is capable of being attained by increasing the den- 25 
sity of nanowires on the emitter surface. Providing a 
high-density of nanowires on an emitter surface has 
been relatively difficult, in part because nanowires gen- 
erally resemble an aggregate of loosely-tangled nee- 
dles or spaghetti-shaped wires of non-uniform height, 30 
and in part due to the problems of attaching nanowires 
to a conducting substrate. 

[0017] Electron field emission is enhanced when 
the geometrical feature of the emitter is made small, 
due to the concentration of electrical field near sharp 35 
tips. Nanowires' small diameter, e.g., as small as 1.3 
nm, provides an effective field concentrating feature. 
However, the ends of the nanowires, especially if bro- 
ken, provide even smaller radii of curvature for 
enhanced field concentration and electron emission. In 40 
fact, electron emission from nanowire tips is easier than 
emission from the sides, e.g., tip emission occurs at 
much lower field levels. It is thus advantageous to form 
a nanowire field emitter structure having an increased 
number of nanowire ends exposed, advantageously 45 
where ends point toward the anode. However, the 
nanowire tip, if embedded in a conductive material (i.e., 
completely surrounded by the material except for the 
tip), does not provide the desired field concentration. 
For example, if a composite structure consisting of 50 
nanowire and a metal matrix is utilized, the nanowires 
are advantageously made to protrude beyond the sur- 
face of the composite structure by at least about the 
dimension of the tip radius of curvature, in order to have 
the desired field concentration effect. For enhanced 55 
field emission, it is advantageous for the nanowires to 
protrude by much more than the tip radius, to increase 
the field concentration and induce useful levels of emis- 



sion at lower applied fields that current emitters. Exces- 
sive protrusion, however, is not desirable due to 
increased electrical resistance (i.e., Increased difficulty 
of electron supply) from the conductive matrix to the 
nanowire ends. In addition, the longer the protrusion, 
the higher the likelihood of encountering a structural 
defect, e.g., a high resistivity region, along the nanowire 
length. Generally, the length of protrusion is therefore 
less than 10 ^un, more advantageously less than 1 \xm. 
[0018] Another important structural feature of a 
nanowire field emitter having protruding nanowires is 
the height of the tips from the surface of the substrate. 
The uniformity of protrusion is important in order to 
increase the number of nanowire tips participating in 
emission. Specifically, because of the shielding of local 
electrical field by the highest protruding tips, the contri- 
bution to the field emission would be dominated by 
these highest tips, with nearby, less protruding, tips 
making a reduced contribution. Thus, the average vari- 
ation in protrusion is advantageously less than a factor 
of two. 

[0019] In addition to high cunrent density and elec- 
tron field emission, stable electrical and mechanical 
contact of the nanowire emitters to the cathode elec- 
trode is desired. Such stable contact provides efficient 
electron transport to the emitter surface with low resis- 
tive heating, and also improves the reliability of the emit- 
ter structure, e.g., by providing sufficient heat 
dissipation from the emitting nanowires. This is particu- 
larly important for commercial applications, where there 
exist unavoidable, repeated interface stresses, induced, 
for example, by thermal expansion mismatch of materi- 
als involved during ambient temperature fluctuation or 
during repeated on-off operation of the field emitter 
device. 

[0020] For these reasons, the nanowire field emit- 
ters of the invention have structure that provides 
improved emitter density, emission current density, elec- 
trical contact, and reliability, along with an aligned tip 
structure and desirable wettability to an electrically-con- 
ducting matrix. The labricatfon of the emitter structures 
is as follows. 

[0021] Figs. 1A-1F illustrate one embodiment for 
fabricating a field emitter structure containing magneti- 
cally aligned nanowires. The first step is to provide 
nanowires such as carbon nanotubes or semiconductor 
nanowires by any of the known synthesis techniques as 
described earlier. It is possible for such nanowires to 
exhibit long, tangled configurations 10 or relatively short 
and straight configurations 12, as illustrated in Fig, 1A. 
Carbon nanotubes, for example, are prepared by a 
number of different synthesis techniques including arc 
discharge, chemical vapor deposition, and laser abla- 
tion. Single wall nanotubes exhibit a typical diameter on 
the order of 1 to 5 nm, and are often made in the form of 
a bundle. Multi-wall nanotubes contain many concentric 
graphite cylinders and exhibit a typical diameter on the 
order of 10 to 50 nm. TTie aspect ratio for both types is 
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typically 100 to 10,000, and both types tend to have 
sharp, field-concentrating tips useful for electron field 
emission. Silicon and germanium nanowires are capa- 
ble of being formed with comparable geometric fea- 
tures, as discussed above. Long, spaghetti-type wires, 5 
for the purpose of efficient magnetic alignment, are 
advantageously broken up into manageable lengths, 
e.g., an average length of less than about 100 jim, 
advantageously less than about 10 jim, such as by 
grinding, sonication, or acid etching, prior to the coating /o 
with a magnetic layer. These lengths are desired for 
each embodiment described herein. (Alternatively, it is 
possible for the nanowires to be coated with magnetic 
material first, as discussed herein, and then mechani- 
cally broken up into such lengths.) ,5 
[0022] The next step, reflected in Fig. 1 B, is to coat 
the nanowires 11 with a magnetic material 14. (Mag- 
netic material indicates a material with a saturation 
magnetization of at least 100 Gauss.) Strongly mag- 
netic materials such as ferromagnetic materials (e.g., 20 
Co, Fe. Ni and their alloys with various elements) or fer- 
rimagnetic materials (e.g., ferrites containing Fe, Co, Ni, 
Zn, Mn, Ba, Sr and other elements) are advantageous, 
due to their relatively high saturation magnetization, 
e.g., 2000 to 2400 Gauss. It is possible for the magnetic 25 
coating to be applied to the nanowire surface by a 
number of different techniques, including electroless 
plating, electroplating, physical vapor deposition (e.g., 
evaporation, sputtering) and chemical vapor deposition. 
The desired thickness of the magnetic coating is at least 30 
0.5 nm, advantageously at least 2 nm. In order to 
reduce sticking among the nanowires, and to increase 
the nanowire volume fraction in the final aligned struc- 
ture, the thickness of the coating is selected such that 
the relative amount of the magnetic coating material 35 
comprises less than about 0.95 in volume fraction, 
advantageously less than 0.75 in volume fraction of the 
coated nanowire. In the case of single walled carbon 
nanotubes which are often synthesized in a bundle 
form, the magnetic coating is applied to the surface of 40 
the overall bundle structure. 

[0023] For magnetic alignment, it is not necessary 
for the coating to cover the entire circumferential surface 
of the entire length of the nanowires. As long as a con- 
tinuous length on part of the wire surface is covered, 45 
e.g., as is typically achieved in line-of-sight thin film dep- 
osition such as evaporation or sputtering, the nanowires 
are able to respond to a uniaxial magnetic field and 
thereby form an aligned structure. It is desirable to have 
at least 25 % of the nanowire length continuously so 
coated with the magnetic layer (not necessarily covering 
the entire circumference) for imparting the desired mag- 
netic shape anisotropy for such field alignment. 
[0024] The next step, reflected in Fig. 1C, is to dis- 
perse the magnetic-coated nanowires 15 in a low-vis- ss 
cosity liquid medium 16 by mixing and vigorous stirring. 
Both aqueous and non-aqueous (e.g., alcohol or ace- 
tone) liquid media are suitable. It is possible to include a 



dissolved binder or adhesive material (e.g., polyvinyl 
alcohol) in such media. The amount of the binder or 
adhesive material present is typically in the range of 0.1 
- 40 vol.%, advantageously 0.5 - 20 vol.%, in the fin- 
ished aligned composite structure. Typically a precursor 
capable of being formed into a conductive material is 
included in the medium 16. (Conductive material indi- 
cates that, after consolidation, the material exhibits an 
electrical resistivity less than about 1000 ohm-cm.) For 
example, it is possible to use an aqueous solution with 
one or more water-soluble metal salts dissolved, such 
as CUCI2, CUSO4. AgNOg, SnCIa, InClg, or FeClg, such 
salts capable of being later decomposed to provide an 
electrically conductive and mechanically secure 
medium for the nanowires. It is further possible to use a 
solvent-based solution containing at least one electri- 
cally conductive polymer, e.g., intrinsically-conductive 
polymers or metal-filled conductive polymers. The poly- 
mer, after the nanowires are aligned and the solvent is 
evaporated away, similarly provides an electrically con- 
ducting and mechanical secure medium. Other addi- 
tives are also possible. It is possible to initially mix the 
nanowires only with water or a nonaqueous solvent. In 
such a case, suitable binder/adhesive material and/or 
precursor material which provides the electrical conduc- 
tivity after decomposition are slowly and carefully added 
after magnetic alignment and after partial or complete 
evaporation of the liquid carrier, preferably with the 
aligning field still present. Precursor materials providing 
matrix conductivity include conductive polymers, a 
metal-salt solution, or molten metal. 
[0025] By using a relatively large volume fraction of 
nanowires with insulating binder or adhesive, it is also 
possible to induce the necessary physical and electrical 
contacts among the nanowires without the need for a 
conductive matrix material. Such contacts are substan- 
tially enhanced in the presence of magnetic field 
because of magnetic interaction and agglomeration 
often encountered when the particle size is small and 
the volume fraction is high. This connected aggregate of 
predominantly aligned nanowires is locked in place by 
Uie dried binder or adhesive material upon solvent 
removal. 

[0026] The next step, reflected in Fig. 1 D, is to mag- 
netically align the coated nanowires 15. Because of the 
tendency to reduce magnetostatic energy, movable 
elongated magnetic bodies in a liquid medium are 
aligned along the direction of applied magnetic field, 
and tend to have a parallel, laterally-spaced alignment 
structure as a result of repulsion by neighboring mag- 
netic dipoles. See, e.g., S. Jin et al, Science . Vol.255, 
446 (1992), and S. Jin et al., J. ApdI. Phys. . Vol. 64, 
6008 (1988). Too high a volume fraction of nanowires in 
the composite structure shoukl be avoided in order to 
reduce magnetic agglomeration. The desired volume 
fraction of the nanowires in the composite is less than 
50%, advantageously less than 30%, more advanta- 
geously less than 10%. 
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[0027] For magnetic alignment, a gradient magnetic 
field is advantageous, as compared to a uniform mag- 
netic field (although it is possible to use either type). 
Optionally, a uniform magnetic field is used as a part of 
transient processing before the gradient field is applied, 5 
The gradient magnetic field is advantageous in that 
such a field both aligns the nanowires 1 5 and also pulls 
their tips to and against a smooth surface (whether flat 
or concave), as reflected in Fig. ID, By drawing the 
nanowires to the substrate 18 surface, it is possible to w 
provide relatively uniform height of the nanowires in the 
final composite structure. Such uniformity is desirable, 
as discussed above. The desired strength of the mag- 
netic field near the nanowtre tip being pulled to the sub- 
strate 18 is typically in the range of 10 to 10,000 Oe, 15 
advantageously 100 to 5000 Oe. The desired field gra- 
dient is typically at least 10 Oe per inch of vertical dis- 
tance and advantageously 1 00 Oe per inch. 
[0028] The gradient magnetic field Is provided by 
any suitable method. For example, it is possible to place 20 
one or more permanent magnets 20 near the bath con- 
taining the dispersed nanowires, e.g., below, alongside, 
or in the middle of the bath. In the latter case, it Is pos- 
sible to immerse a multiplicity of substrates in the bath 
for simultaneous deposition. As is well known, the 25 
strength of the magnetic field from the pole of a perma- 
nent magnet decreases as a function of the distance 
away from the pole face, generally following the inverse 
square relationship. Therefore, there is a gradient field 
present near the pole face, which is able to be utilized 30 
for fabrication according to the invention. The strength 
of the gradient magnetic field is adjusted as needed, 
e.g., by changing the magnet material, by changing the 
magnet dimension, or by altering the gap between the 
pole face and the nanowire-collecting substrate. Instead 35 
of a permanent magnet, it is also possible to use an 
electromagnet to provide the gradient field - the gradient 
field near the solenoid edge is able to be utilized. Alter- 
natively, a more controllable gradient is obtained by 
using a solenoid with a gradient winding (i.e., nonuni- 40 
form distribution of the number of turns of conductor 
winding along the length of the solenoid) or by using a 
segmented solenoid with a gradually varying magnitude 
of the applied electric current. 

[0029] The substrate 18 against which the 45 
nanowires 1 5 are aligned is advantageously able to be 
easily peeled from the nanowires after the magnetic 
alignment and consolidation process. For example, it is 
possible to use a flexible substrate or a coating easily 
separable from the substrate, e.g., Teflon™ or grease, so 
Alternatively it is possible to place a thin, peelable mid- 
layer 19 such as Teflon^*' tape or wax paper over the 
substrate surface. 

[0030] The next step, illustrated in Fig. IE, is to let 
the liquid earner (i.e., water or solvent) of the medium 55 
16 evaporate while maintaining the magnetic field, e.g., 
at room temperature or, to accelerate the process, at a 
higher temperature (but below the boiling point of the 



liquid so as not to disturb the aligned nanowire struc- 
ture). The dried medium 22 with aligned nanowires 15 
and a conductive precursor, e.g., a metal salt, is then 
peeled off the substrate 18, and treated, e.g., baked or 
sintered in an inert or reducing atmosphere, to obtain a 
conductive supporting matrix 24 which secures the 
aligned nanowires 15. In the case of polymer-based 
binders, adhesives, or conductive polymers, instead of 
the metal salts, the decomposition heat treatment is 
generally omitted In favor of a curing step. 
[0031] The final processing step, illustrated in Fig. 
IF, is to etch, e.g., by acid dissolution, ion milling (e.g., 
ion etching), laser beam scanning, evaporation, or other 
techniques, a thin layer of the matrix material 24, e.g., 
the metal or the conductive polymer, from the surface of 
the composite that contacted the supporting substrate 
18 during alignment (i.e., the bottom face of the com- 
posite in Fig, IE). The etching step provides protruding 
nanowires 25 with relatively equal heights, as illustrated 
by Fig, 1 R As further reflected in Fig. 1 F, it is also possi- 
ble to remove the magnetic coating from the protruding 
portions of the nanowires 25. Removal of the coating is 
advantageous in that the overall tip diameter is thereby 
reduced, which provides an electric field enhancement, 
it is also possible to horizontally polish or section the 
composite, followed by etching of a thin layer of the 
matrix material. 

[0032] The desired protrusion height of the 
nanowires above the matrix for field emitter use is at 
least twice the diameter of the nanowire, advanta- 
geously at least 20 nm, more advantageously at least 
100 nm, to provide efficient field concentration at the 
nanowire tip. The process of the invention is advanta- 
geous in that the exposed tip height is substantially uni- 
form, with the variation of average protrusion height 
typically being less than 40%, advantageously less than 
20%. The volume of nanotubes is typically at least 0.01 
vol.%, advantageously at least 1 vol.%, to a depth of at 
least 2 \m\ from the surface from which the nanowires 
protrude. 

[0033] While the embodiment of Figs. 1A-1F pro- 
vides a matrix precursor through dissolution in a liquid 
earner, e.g., a solvent with dissolved conducting poly- 
mer or an aqueous solution with dissolved metal salt, it 
is also possible to use an ultrafine particulate precursor 
30, as reflected in Figs. 2A and 2B. Specifically, as 
shown in Fig. 2A, a liquid carrier 32 (water or solvent) 
confaining the magnetic-coated nanowires 34 is mixed 
with nano-scale particles of metal or metal precursor 30 
such as Ag, Cu, Ni, Fe, Au, CuO, Fe203, AgO are 
added. (Other precursor materials, as discussed above, 
are also possible.) Vigorous mixing is advantageous for 
uniform dispersion. Such nano-scale metal, oxide, or 
other compound particles are commercially available. 
The desired particle size (e.g., diameter) is in the range 
of 1 - 1000 nm, advantageously in the range of 2 - 50 
nm. It is generally advantageous to utilize as-synthe- 
sized particles, e.g., chemically precipitated particles, 
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kept in their liquid medium without drying and exposure 
to air. Such use reduces both particle agglomeration 
and oxidation of the particles (some of which may be 
pyrophoric) 

[0034] The mixture is then subjected to the gradient s 
field processing, e.g., by a magnet 38, as reflected in 
Rg. 2B. to align the nanowires 34 and pull them against 
a flat or curved surface 36, as discussed above. The 
precursor nanoparticles 30 are allowed to settle, as 
shown in Fig. 2B. The composite is then dried Into a io 
solid body In the presence of the magnetic field, taken 
off the substrate, e.g., by use of a release tape layer 35, 
and treated to form a consolidated matrix. Depending 
on. the particular precursor, such treatments include 
decomposition, e.g., to reduce oxide or salt particulates is 
into a metal), sintering, and/or curing. Additional consol- 
idation is also possible, e.g., melting or plastically 
deforming the composite. The composite is then sub- 
jected to a surface etching process to allow the 
nanowires to protrude with relatively uniform tip height, 20 
as discussed above. 

[0035] Fig. 3 illustrates another technique for fabri- 
cating a magnetically aligned nanowire structure. Mag- 
netically coated nanowires 40 are mixed with a liquid 
carrier 42 containing a precursor material capable of 25 
being converted to a solid conductive matrix (e.g., metal 
or conducting polymer). The nanowires 40 are aligned 
in a gradient against a flat substrate 44 surface as dis- 
cussed above. A relatively uniform, thin, soft, gel-like 
layer 46 is provide on the substrate 44 surface before 30 
the magnetic field alignment process is initiated. The 
magnetic gradient force pulls down the vertically aligned 
nanowires 40 against the substrate 44 so that the bot- 
tom ends of the nanowires 40 penetrate the gel-like 
layer 46 and substantially contact the underlying sub- 35 
strate 44. The precursor conductor material in the liquid 
42 surrounds the remaining, exposed length of the 
nanowires 40, but does not penetrate the gel 46. The 
precursor material is then solidified. Upon detaching the 
solidified composite from the substrate, e.g., by using a 40 
peelable mid-layer 48 as described earlier, substantially 
uniform protrusion of the nanowires is obtained upon 
removal of the gel layer, (Such detachment from the gel- 
like layer is considered herein to constitute exposure of 
protruding tips.) The remainder of the fabrication proc- 45 
ess is as described above. Any remaining debris or 
remaining gel-like material on the nanowire tips is 
washed or dissolved away by later processing steps. 
[0036] It is possible for the gel-like layer 46 to be 
formed from any of a number of different types of so 
organic or inorganic materials that are substantially 
insoluble in the particular liquid solution containing the 
nanowires. For example, materials such as gelatin, 
honey, or uncured polymer are suitably used. The mate- 
rial is coated onto a substrate as a thin layer by known ss 
techniques such as spin-coating, spray coating, or doc- 
tor-blade coating. It is also possible to use solvent- 
diluted gel materials to obtain a very thin layer, through 



evaporation of the solvent. By controlling the'thickness 
of this gel-like layer, the extent of.tip protrusion is simi- 
larly controlled. The advantage of this embodiment is 
that the desired nanowire protrusion is achieved without 
the need for a surface etching step of the type dis- 
cussed herein. 

[0037] Another processing approach to obtain the 
desired protrusion without an etching step is sequential 
stacking of different types of materials. Specifically, the 
nanowires in a liquid carrier such as water or solvent 
(e.g., ethanol), without conductive precursor material, 
are magnetically aligned as discussed above, and the 
liquid is optionally allowed to evaporate away While 
maintaining the gradient magnetic field to hold the 
aligned nanowires in place, a removable layer (e.g., a 
solvent-diluted gel-like liquid) or a layer of substantially 
spherical nanoparticles (e.g., a dilute dispersion of 1-5 
nm diameter particles of AI2O3 or Ag in ethanol) is 
slowly and carefully poured over the aligned nanotubes, 
advantageously starting from the side of the aligned 
nanowire aggregate so that the liquid level rises to soak 
and cover the bottom portion of the nanowires. The sol- 
vent is then partially or completely evaporated to form a 
thin barrier layer. A precursor conductor material is then 
added and solidified. Upon release of the resulting 
nanowire composite from the substrate, the removable 
layer or layer of nanoparticles is removed or falls away 
to expose nanowire tips having substantially uniform 
height, as discussed above. 

[0038] Another approach to obtain a bulk, aligned 
nanowire structure according to the invention is illus- 
trated in Figs. 4A-4C. Specifically, nanowires 50 are first 
mixed with a precursor conductive material 51, e.g., 
conducting metal nanoparticles, precursor metal-salt 
particles (or a solution thereof), metal-oxide particles, or 
conductive polymer (intrinsic or metal-filled), along with 
an aqueous or nonaqueous liquid carrier 52. The result- 
ing slurry is placed in a long vertical tube 53, e.g., a cop- 
per or plastic tube. After mixing of the slurry, a vertical, 
gradient magnetic field is applied to draw the magnetrc- 
coated nanowires 50 to the bottom, together with the 
conductor or precursor conductor 51, as shown in Fig. 
4A. The speed of nanowire 50 movement and the align- 
ment pile up at the bottom is controlled by adjusting the 
strengths of the magnetic field and the gradient, by 
altering materials parameters such as the volume frac- 
tion, size, or viscosity of the materials involved, and/or 
by changing the nature of the magnetrc coating. The 
speed of the nanowire 50 movement is selected to allow 
simultaneous sedimentation of the conductor particu- 
lates 51 by gravity. At the top area of the processing 
apparatus, additional nanowires 50 and conductor 
material 51 are replenished. If needed, as the aligned 
materials are accumulated at the bottom. After the proc- 
ess of nanowire alignment and packing of the tube is 
completed, the liquid carrier 52 is evaporated, and the 
composite structure is consolidated by sintering, melt- 
ing, and/or plastic defonnation in the case of metal con- 
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ductor matrix, or by drying and/or curing in the case of a 
polymer-based conductor matrix. The resultant solid 
rod material 54 is then sectioned into nunnerous emitter 
tx)dies 55, 56. 57 with any desired thickness, as shown 
in Fig. 4B. One of the surfaces of each sectioned body 
59 is then lightly etched, as discussed above, to provide 
protruding nanowire tips 58, as illustrated in Fig, 4C. 
[0039] For certain applications, such as flat panel 
displays, an x-y matrix array of many subdivided regions 
of emitters (pixels) is required. Such an array of 
nanowires with their tips vertically aligned and protrud- 
ing for efficient field emission is fabricated according to 
the invention as illustrated in Figs. 5A and 5B. Specifi- 
. cally, a low-viscosity slun^y 60 of magnetically-coated 
nanowires 62, one or more conducting materials (such 
as silver-epoxy, silver paste, conducting polymer, or sol- 
der alloy particles), and a liquid carrier such as alcohol 
is dispensed as a thin layer on pre-defined array contact 
pads 64 located on a sut)strate 66, e.g., 100 ^im x 100 
\un pads, using dispensing and patterning techniques 
such as spin coating, through-mask spray coating, or 
screen printing, as shown in Fig. 6A. It is also possible 
to use a photo-definable polymer as the base carrier liq- 
uid for post-processing definition of the array structure. 
The magnetically-coated nanowires 62 in the deposited 
slurry layer are then vertically aligned as parallel rods by 
applying a magnetic field. The slurry 60 is then dried 
and the remaining constituents consolidated. When sol- 
der particles are utilized in the slurry, consolidation gen- 
erally involves a melting or sintering step (typically in the 
presence of the magnetic field) to induce bonding to the 
contact pad (which typically contains a solder bondable 
surface) and to lock the aligned nanowires in place. Due 
to the nature of the slurry, upon removal of the liquid and 
consolidation of the remaining components, at least a 
portion of the nanowires 60 will protrude from the con- 
solidated material, as reflected in Fig. 6B. The degree of 
protrusion is at least somewhat controllable by altering 
the thickness of the deposited slurry, by changing the 
degree of dilution of the slurry, and/or by adjusting the 
magnetic field intensity. Advantageously, the solvent is 
evaporated while maintaining the aligning magnetic 
field. In some cases, the process by which the solvent is 
removed will also be suitable for introducing protrusion 
of the nanowires. The desired thickness of the nanowire 
array depends on the average length of the starting 
nanowire material. The typical average length of the 
nanowires for use in an array is in the range of 0.1 to 
100 Jim, advantageously 0.5 - 20 jun, with the typical 
spread In length distribution being less than a factor of 
5. advantageously less than a factor of 2. The desired 
degree of protrusion is typically 0.1 - 10 |uim, advanta- 
geously 0.1 - 1 |Lim. It is possible to treat the surface of 
the processed nanowire array with a light etching with 
acid, solvent, plasma, or a laser to remove remnant, 
surface-covering atom layers of polymer or metal. 
[0040] The aligned nanowire structure prepared 
according to the invention is assembled into a configu- 



ration for field emission devices by incorporating grid, 
anode, phosphor (for displays) and other components 
including electrical, vacuum-related, and structural 
parts, as discussed herein. 

5 

Devices Inonrpor atina Nanowire Emitter Strii^hire<y 

[0041] The emitter structures formed as discussed 
above are useful for a variety of devices, including 
10 microwave vacuum tube devices and flat panel field 
emission devices. Because efficient electron emission 
at low applied voltages is typically achieved by the pres- 
ence of accelerating gate electrode in close proximity to 
the emitting source (typically about 1-10 urn distance), it 

15 is advantageous to have numerous gate apertures in an 
emitter structure to enhance the capability of the struc- 
ture. Specifically, a fine-scale, micron-sized gate struc- 
ture with numerous gate apertures is advantageous for 
attaining high emission efficiency. 

20 [0042] Accordingly, in the emission devices of the 
invention, a grid structure Is formed in front of the 
nanowire emitter structure described herein. The grid is 
a conductive element placed between the electron emit- 
ting cathode and the anode. It is separated from the 

25 cathode but sufficiently close to the nanowire emitter to 
excite emissions (typically within 10 jim of the emitting 
nanowire tips). Yet, this close spacing is possible only if 
the emitter tips have relatively uniform height. As dis- 
cussed previously, the fabrication process of the inven- 

30 tion provides nanowire tips exhibiting such uniformity. 
[0043] The grid is generally separated from the 
cathode by an electrically insulating layer such as alumi- 
num oxide or silicon dioxide. Advantageously, the grid 
structure in the invention contains an electrically con- 

35 ducting layer, e.g., a thin film or thin foil, with a multitude 
of apertures. Within each aperture, a multiplicity of 
nanowires emit electrons when a field is applied 
between the cathode and the grid. 
[0044] The dimension of the grid apertures is typi- 

40 cally in the range of 0.05-100 |xm in average maximum 
dimension (e.g., diameter), advantageously at least 0.1 
ixm, and more advantageously at least 0.2 jim to ease 
manufacturing. The average maximum dimension is 
advantageously no more than 20 ^im, more advanta- 

45 geously no more than 5 jxm in order to 1) increase the 
density of grid apertures, 2) increase the number of 
nanowire emitters within each aperture area, and 3) 
reduce the angular beam spread. It is possible for the 
grid aperture to be of any suitable shape, e.g., circular. 

so The thickness of the grid conductor is typically in the 
range of 0.05-100 jim, advantageously 0.1-10 iim. The 
grid conductor material is typically chosen from metals 
such as Cu, Cr, Ni. Nb. Mo, W or alloys thereof, but the 
use of conductive ceramk; materials such as oxides, 

55 nitrides, and carbides is also possible. The apertured 
(or perforated) grid structure is typically prepared by 
conventional thin film deposition and photolithographic 
etching. 
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[00451 Advantageously the grid is a high density 
apertured gate structure such as described in U.S. Pat- 
ents Nos. 5,681,196 and 5,698,934, the disclosures of 
which are hereby incorporated by reference. The combi- 
nation of very fine and high-density nanowire emitters 5 
with a high-density gate aperture structure is particu- 
larly advantageous with submicron emitters. Such a 
high density gate aperture structure is conveniently 
formed by utilizing micron or submicron sized particle 
masks. Specifically, after formation of the nanowire w 
emitter structure, mask particles (metal, ceramic, or 
plastic particles typically having maximum dimensions 
less than 5 ^m and advantageously less than 1 ^m) are 
applied to the emitter surface, e.g., by spraying or sprin- 
kling. A dielectric film layer such as Si02 or glass is 15 
deposited over the mask particles as by evaporation or 
sputtering. A conductive layer such as Cu or Cr is 
deposited on the dielectric. Because of the shadow 
effect, the emitter areas underneath each mask particle 
have no dielectric film. The mask particles are then eas- 20 
ily brushed or blown away, leaving a gate electrode hav- 
ing a high density of apertures. Fig. 6 illustrates such a 
particle mask technique. The mask particles 70 are 
located above the protruding nanowire emitters 71. 
Upon deposition of the insulating layer 73 and the grid 25 
conductor layer 74 onto conductor 75 on substrate 76, 
the mask particles 70 block portions of the nanowire 
emitters 71 . When the mask particles 70 are removed, 
nanowires 71 are exposed through the resultant aper- 
tures. The resultant structure is then capable of being 30 
incorporated into a device. 

[0046] Fig. 7 is a schematic cross section of a typi- 
cal microwave vacuum tube device - here a traveling 
wave tube (TWT). The tube device contains an evacu- 
ated tube 80. a source of electrons in the form of an 35 
electron gun 81, an input window 82 for introducing a 
microwave input signal, an interaction structure 83 
where the electrons interact with the input signal, and a 
microwave output window 84 where microwave power 
derived from the electrons is taken out of the tube. In the 40 
case of a TWT, other components include a focusing 
magnet (not shown) to focus the beam of electrons 
through the interaction structure 83, a collector 85 to 
collect the electron beam after the output microwave 
power has been generated and an internal attenuator 45 
(not shown) to absorb microwave power reflected back 
into the tube from mismatches in the output. For a TWT, 
the interaction region 83 is typically a conductive helix 
for broadband applications and a coupled-cavity region 
for high power applications. so 
[0047] The electron gun 81 is an electron source 
that generates, accelerates and focuses an electron 
beam to follow a desired trajectory after it leaves the 
gun. Fig. 8 schematically illustrates a conventional elec- 
tron gun comprising a thermionic cathode 90, one or ss 
more grids 91 for inducing emission of electrons, focus- 
ing electrodes 92 for focusing the electrons into a beam, 
and apertured anode 93 for further directing the beam 



94 into interaction structure 83. For TWT applications, a 
long, thin electron beam at relatively low voltage and 
high cun-ent density is advantageous. Electron guns 
range in configuration from a planar cathode faced by a 
planar anode to more elaborate designs such as Pierce 
guns, conical diode electrodes, concentric cylinders or 
spherfcal cap cathodes. (See, e.g., A.W. Scott, supra.) 
[0048] In operation of the device shown in Figs. 7 
and 8, an electron beam 94 is accelerated from the 
cathode 90 by high voltages applied to grids 91 and 
anode 93. The electron beam is then shot into the inter- 
action structure 83 where it interacts with the microwave 
input signal such that the beam 94 is amplified as the 
electrons and the signal travel together through the 
interaction structure 83. The electrons advantageously 
travel at the same velocity as the microwave signal on 
the interaction structure 83. The power of the input sig- 
nal modulates the electron beam 94, and the modulated 
electron beam 94 generates an amplified form of the 
input signal at the output 84, 

[0049] The cathode 90 and grid 91 are the source of 
electrons for the electron beam in the TWT of Fig. 6. 
The cathode advantageously has the following proper- 
ties and capabilities: (1) exhibit a low work function so 
that its surface is able to emit electrons freely without 
the necessity of external excitation such as heating or 
bombardment, (2) supply a high current density, (3) tong 
operating life with its electron emission continuing sub- 
stantially unimpaired. (4) allow production of a narrow 
beam with a small spread in electron momentum, and 
(5) allow production of a modulated electron beam at or. 
near the cathode. In contrast to conventional thermionic 
cathodes, cold cathodes comprising protruding 
nanowire emitters exhibit these properties. Specifically, 
nanowire-based cold cathodes are capable of fast, 
room-temperature emission when an electric field is 
applied. They allow the production of a modulated elec- 
tron beam over a distance of a few microns (as in the 
case of beam modulation performed directly by the 
grids), permitting the use of a shortened interaction 
region and resulting in a lighter, more compact device. 
[0050] When using nanowire-based cold cathodes 
In microwave vacuum tube devices, it is desired to keep 
electron beam spread within a reasonable level. Elec- 
trons emerge from the cathode surface with a Max- 
wellian distribution of velocity in all three Cartesian 
directions. In other words, electrons will emerge from 
the surface with, in general, nonzero velocity and at var- 
ious angles to the surface normal. The field-emitted 
electrons thus have a distribution In the direction of elec- 
tron beam trajectory. These effects - random emission 
of electrons, undesirable momentum perpendicular to 
the path from the cathode to the anode and the resulting 
crossing of electron trajectories on the microscopic 
scale - all reduce the performance of the microwave 
amplifier by giving rise to shot noise as well as the min- 
imum diameter that a convergent beam can attain.. It is 
therefore desirable to inhibit electron beams from differ- 
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ent apertures In the grid from merging unless the elec- 
tron beams are nearly parallel. Specifically, if the beams 
merge while individually diverging, the phase space 
density of the resultant beam will be lowered, because 
at any given point electrons are found with a variety of 5 
different momenta. 

[0051 ] It is possible to reduce the divergence angle 
of the electrons from each aperture by creating an elec- 
trostatic lens in the aperture. However, Liouville's Theo- 
rem constrains the extent to which a lens is able to 10 
reduce the perpendicular momentum spread. If the 
emitting area is equal to the lens aperture, then no sub- 
stantial improvement is obtained. If the emitting area is 
smaller than the lens aperture, it is possible to reduce 
the perpendicular momentum distribution (with proper 15 
lens design) by the ratio of the radius of the emitting 
area to the radius of the lens. 

[0052] It is therefore desirable to allow emission 
only from small spots near the center of each aperture, 
i.e. at most 70% of the area and advantageously at 20 
most 50% of the area of the aperture. It is possible to 
control the emission by patterning the substrate so that 
for a plurality of the emitting apertures, only a small area 
(smaller than the aperture area) is electrically conduc- 
tive. It is also possible by controlling nanowire incorpo- 25 
ration process so that only the central area within the 
emitting aperture is activated and emits electrons, e.g., 
by depositing a non-emissive overlayer on the nanowire 
emitters everywhere but at the center of the apertures. 
[0053] The invention provides an improved tech- 30 
nique for reducing the divergence angle. According to 
the invention, a multilayer, apertured grid is used in 
which the first grid is operated at a negative potential. 
The first grid is typically 0.005 to 1 of its average maxi- 
mum aperture dimension (e.g., diameter in the case of 35 
round apertures) above the cathode, advantageously 
0.01 to 0.5. Typically, the apertures are round and have 
a diameter of 0.05 to 100 pm, advantageously at least 
0.1 |im, more advantageously at least 0.2 nm. This first 
grid reduces the electric field at the cathode surface, 4o 
near the edge of the hole, and thereby suppresses 
emission preferentially from the edge. Successive grids 
typically exhibit positive voltages relative to the cathode. 
The multilayer grid structure has at least two layers and 
advantageously at least 4 layers of grid conductors, as 45 
illustrated in Fig. 9. Grid conductors 100A, 100B, 100C, 
100D are separated by insulators 101 A, 101B, 101C, 
101D, and define aligned apertures 102. Nanowire 
emitters 103 located within each aperture 102 are sup- 
ported by a cathode conductor 1 04, which Is located on so 
a substrate 105. The grid conductors 100A-100D allow 
the electron beams to be focused during traveling. The 
first grid layer closest to the emitters (1 OOA) is generally 
biased negative to reduce the perpendicular momentum 
through suppression of field emission near the edge of 55 
the grid apertures 102. The multilayered grid structure is 
prepared by conventional thin film deposition and photo- 
lithographic techniques. It Is also possible to prepare the 



grid structures of Fig. 9 by a particle mask technique as 
discussed previously, as illustrated in Figs. 10 and 11. 
The thickness of the grid conductor layers 1 0OA-1 OOD is 
typically in the range of 0.05 to 100 jim, advantageously 
0.1 to 10 Jim. The grid conductor layers are generally 
selected from a metal such as Cu, Cr, Ni, Nb, Mo. W, or 
alloys thereof, but the use of conductive ceramics such 
as oxides, nitrides, and carbides is also possible. The 
insulator layers 101A-101D are typically formed from 
materials such as silica or glass. 
[0054] In Fig. 10, the mask particles 106 are typi- 
cally ferromagnetic (e.g. Fe, Ni, Co, or their alloys). 
Desirable particle size is typically in the range of 0.1-20 
^im in average diameter. During the placement of the 
particles, e.g. by sprinkling onto the nanowire emitter 
structure, a vertical magnetic field is applied, which 
causes the fen-omagnetic partteles 106 to form a verti- 
cally elongated chain-of-spheres containing at least 2 
particles. Some chains-of-spheres may have more par- 
ticles than others, but this does not matter for the pur- 
pose of depositing the multilayer grid structure. After 
alternating deposition of insulating spacer film (101A- 
101D) and the grid conductor film (100A-100D) into 
multilayer stacks, the ferromagnetic particles 106 are 
removed, e.g., by magnetically pulling away using a per- 
manent magnet, or by chemical etching. 
[0055] An alternative particle mask approach is 
schematically illustrated in Fig. 11. In this alternative 
approach, elongated or prolate ferromagnetic particles 
107 are sprinkled in the presence of vertical magnetic 
field so that they stand up vertically to serve as mask 
particles during the deposition of the multilayer grid 
structure (100A-100D and 101A-101D) on substrate 
105, conductor layer 104 and nanowire emitters 103. 
The particle mask is then removed as discussed previ- 
ously The elongated mask particles 107 typically have 
an average axial maximum dimension, e.g., diameter, in 
the range of 0.1-20 jim. It is possible to prepare the par- 
ticles 107, for example, by thin film deposition (e.g. by 
sputtering, evaporation, electroless plating) of the mask 
material through a peri^orated template* (not shown) 
placed at a desired height above the nanowire emitters. 
Suitable materials for the elongated mask particles 107 
include metals such as Cu, Al. Ni, easily water or sol- 
vent dissolvable polymers (e.g., polyvinyl acetate, poly- 
vinyl alcohol, polyacrylamide, acrylonitrile-butadiene- 
styrene or ABS), volatile polymers (e.g.. PMMA), or 
easily dissolvable salts (e.g.. NaCI). After deposition of 
the particles, the template is removed, and the multi- 
layer grid structure formed. 

[0056] The cathode and gate structure of Fig. 9, as 
used In a microwave amplifier, is not necessarily flat in 
surface geometry. It is possible to use a reshaped bulk 
nanowire composite emitter, or a curved substrate hav- 
ing thin film array emitters deposited thereon. The 
curved substrate is prepared, for example, by etching or 
mechanical polishing (e.g., in the case of materials such 
as Si) or by plastic deformation (e.g.. in the case of duc- 
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tile metals such ad Cu> Mo, Nb. W, Fe, Ni, or alloys 
thereof), 

[0057] Advantageously, the nanowire-containing 
cathode and multilayer grid structure of Fig. 9 is used in 
a TWT, instead of a thermionic emission cathode. Also, s 
the cathode/grid structure of Fig. 9 is advantageously 
slightly concave for focusing the emitted electrons into a 
beam. 

(0058] The nanovi/ire emitter structure of Fig. 9 
reduces the perpendicular momentum spread of elec- io 
trons emitting from the cathode due to four features. (1) 
Low voltage emission is desirable to have reduced 
beam spreading. If the emitter geometry is held con- 
stant, the perpendicular momentum spread scales as 
the square root of the emission voltage. The use of pro- is 
truding nanowire emitters allows low voltage emission 
and hence reduced perpendicular momentum in micro- 
wave amplifier operation. (2) Electron emission is 
restricted to the central area portion, which is much 
smaller than the entire grid aperture area. (3) The elec- 20 
tron beam is focused by the stack of the multilayer grid 
structure. (4) A concave substrate further focuses the 
electron beam. 

[0059] It is also possible to use the nanowire-based 

emitters of the invention to fabricate a flat panel, field 25 
emission display. Such a field emission display is con- 
structed, for example, with a diode design (i.e., cathode- 
anode configuration) or a triode design (i.e.. cathode- 
grid-anode configuration). Advantageously, a grid elec- 
trode is used, more advantageously a high density 30 
aperture gate structure placed in proximity to the 
nanowire emitter cathode, as discussed previously 
[0060] For display applications, emitter material 
(the cold cathode) in each pixel of the display desirably 
consists of multiple emitters for the purpose, among 35 
others, of averaging out the emission characteristics 
and ensuring uniformity in display quality. Because of 
the nanoscopic nature of the nanowires, the emitter pro- 
vides many emitting points, typically more than 10^ 
emitting tips per pixel of 100x100 iim^, assuming 50% 40 
nanowire density with a tubule diameter of 10-100 nm. 
Advantageously, the emitter density in the invention is at 
least 1/jim^, more advantageously at least ^0/\»m^. 
Because efficient electron emission at low applied volt- 
age is typically achieved by the presence of acceleral- 45 
ing gate electrode in close proximity (typically about 1 
micron distance), it is useful to have multiple gate aper- 
tures over a given emitter area to utilize the capability of 
multiple emitters. It is also desirable to have fine-scale, 
micron-sized structure with as many gate apertures as so 
possible for increased emission efficiency 
[0061] Fig. 12 Illustrates a flat panel field emission 
display using a nanowire emitter structure of the inven- 
tion. The display contains a cathode 1 1 0 including a plu- 
rality of nanowire emitters 112 and an anode 114 55 
disposed in spaced relations from the emitters 112 
within a vacuum seal. The anode conductor 1 16 formed 
on a transparent insulating substrate 118 is provided 



with a phosphor layer 120 and mounted on support pil- 
lars (not shown). Between the cathode and the anode 
and closely spaced from the emitters is a perforated 
conductive gate layer 122. Conveniently, the gate 122 is 
spaced from the cathode 1 1 0 by an insulating layer 1 24. 
[0062] The space between the anode and the emit- 
ter is sealed and evacuated, and voltage is applied by 
power supply 126. The field-emitted electrons from the 
nanowire emitters 1 12 are accelerated by the gale elec- 
trode 122, and move toward the anode conductor layer 
116 (typically a transparent conductor such as Indium- 
tin oxide). As the accelerated electrons hit the phosphor 
layer 120, a display image is generated. 
[0063] Other embodiments of the invention will be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 

Claims 

1 . A device comprising: 

a composite material comprising aligned 
nanowires at least partially coated by a mag- 
netic material, wherein the nanowires are elec- 
trically connected by at least one of contact 
among the nanowires and a conductive mate- 
rial present in the composite material, wherein 
at least a portion of the nanotubes protrude 
from a surface of the composite material by an 
average protrusion of at least twice the average 
diameter of the nanowires, and wherein the 
nanowires have an average length of about 0. 1 
(im to about 10,000 ^m. 

2. The device of claim 1 , wherein the device is an 
electron field emission device. 

3. The device of claim 1 , wherein the protruding nano- 
tubes comprise broken ends. 

4. The device of claim 1 , wherein the magnetic mate- 
rial comprises less than about 0.95 vol.% of the 
coated nanowires. 

5. The device of claim 4, wherein the magnetic mate- 
rial comprises less than about 0.75 v!ol,% of the 
coated nanowires. 

6. The device of claim 1 , wherein the average protru- 
sion height is at least 20 nm. 

7. The device of daim 6, wherein average protrusion 
height is at least 100 nm. 

8. The device of claim 1 , wherein the composite mate- 
rial comprises at least 1 vol.% nanowires to a depth 
of at least 2 |btm from the surface from which the 
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nanowires protrude. 

9. The device of claim 1 , wherein the variation In aver- 
age protrusion height is less than 40%. 

10. The device of claim 1 , wherein the composite mate- 
rial comprises the conductive materiaL 

1 1 . The device of claim 1 , wherein the composite mate- 
rial is disposed on a substrate as an arrayed emitter 
structure. 

12. The device of claim 1 , wherein the composite mate- 
rial is part of an emitter structure, and wherein the 
device further comprises an apertured grid located 
over at least a portion of the composite material, 
the grid comprising a grid layer and an insulating 
layer. 

.13. The device of claim 1 , wherein the composite mate- 
rial is part of an emitter structure, and wherein the 
device further comprises an apertured grid located 
over at least a portion of the emitters, the grid com- 
prising at least a first and a second grid conductor 
layer, the first grid conductor layer separated from 
the emitter structure by a first insulating layer, and 
the first and second grid conductor layers sepa- 
rated by a second insulating layer. 

14. The device of claim 13, wherein the apertured grid 
further comprises third and fourth grid conductor 
layers, the third grid conductor layer separated from 
the second grid conductor layer by a third insulating 
layer, and the fourth grid conductor layer separated 
from the third grid conductor layer by a fourth insu- 
lating layer. 

15. The device of claim 1, wherein the nanowires are 
selected from carbon, silicon, and germanium. 

16. A process for fabricating a device comprising a field 
emission structure, comprising the steps of: 

providing nanowires at least partially coated by 
a magnetic material, the nanowires having an 
average length of about 0.1 jim to atwut 1 0,000 
^m; 

mixing the nanowires with a liquid medium; 
applying a magnetic field to the nanowires, 
such that the nanowires become aligned; 
securing the aligned nanowires in a matrix; and 
exposing a portion of the aligned nanowires to 
provide protrusion from a surface of the matrix 
by an average protrusion of at least twice the 
average diameter of the nanowires. 

17. The process of claim 1 6, wherein the magnetic field 
is a gradient magnetic field. 



18. The process of claim 16, wherein the liquid medium 
comprises a precursor capable of being treated to 
fonm the matrix. 

5 19. The process of claim 1 6, wherein the liquid medium 
comprises at least one of a binder and an adhesive. 

20. The process of claim 16 wherein the matrix com- 
prises a conductive material. 

10 

21. The process of claim 16, wherein application of the 
magnetic field induces alignment such that one end 
of the aligned nanowires substantially contacts a 
substrate. 

15 

22. The process of claim 16, wherein the exposing step 
comprises removing a surface portion of the matrix 
material. 

20 23. The process of claim 1 6, wherein the exposing step 
comprises separating the matrix comprising the 
nanowires from at least one of a removable layer 
and a particle layer. 

25 24. The process of claim 23, wherein the removable 
layer comprises a gel-like layer. 

25. The process of claim 16, wherein the exposing step 
comprises sectioning the matrix comprising the 

30 nanowires and removing a surface portion of the 
matrix material from the resulting body 

26. A process for fabricating a device comprising an 
arrayed field emission structure, comprising the 

35 steps of: 

providing a substrate comprising an arrayed 
pattern of conductive metal pads; 
depositing onto the metal pads a mixture com- 
40 prising liquid, a conductive material, and 

nanowires at least partially coated by a mag- 
netic material; and 

applying a magnetic field to the nanowires, 
such that the nanowires become aligned; and 
45 removing the liquid components of the mixture 

and consolidating the conductive material to 
form a matrix around the nanowires, such that 
a portion of the nanowires protrude from the 
surface of the matrix. 

50 

27. The process of claim 26, wherein the average pro- 
trusion of the nanowires from the surface of the 
matrix Is 0.1 to lOfim. 

55 28. The process of claim 26, where the average length 
of the nanowires is 0.1 to 100 fim. 
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